ABSTRACT
Historically the accumulated mass of mammalian transposable elements (TEs), particularly those located within gene boundaries, was viewed as a genetic burden potentially detrimental to the genomic landscape. This notion has been strengthened by the discovery that transposable sequences can alter the architecture of the transcriptome, not only through insertion, but also long after the integration process is completed. Insertions previously considered harmless are now known to impact the expression of host genes via modification of the transcript quality or quantity, transcriptional interference, or by the control of pathways that affect the mRNA lifecycle. Conversely, several examples of the evolutionary advantageous impact of TEs on the host gene structure that diversified the cellular transcriptome are reported. TEinduced changes in gene expression can be tissue-or disease-specific, raising the possibility that the impact of TE sequences may vary during development, among normal cell types, and between normal and disease-affected tissues. The understanding of the rules and abundance of TE-interference with gene expression is in its infancy, and its contribution to human disease and/or evolution remains largely unexplored.
INTRODUCTION
Mammalian transposable elements have been restructuring their host genomes for millions of years, to both deleterious and advantageous effects. From the time of their discovery, considerable effort has been devoted to the investigation of the mechanistic aspects of TE mobilization: the process by which they perturb genome integrity. While the disruption of normal gene function by transposable elements upon integration into exonic regions is obvious, their postinsertional effects on gene expression have not received much attention. The appreciation for TE modification of mammalian gene expression gained significant interest after the discoveries that the majority of transposable elements either carry cisacting elements in their sequence that are recognized by the mammalian transcriptional or RNA processing machineries or have high propensity for accrual of these cis-signals via mutations long after the completion of the integration process. The potential for TEs to modify normal gene expression even when they are located outside of the gene boundaries is consistent with associations between non-coding DNA and human disease (47, 74) . This review highlights the current understanding of the post-insertional effects of TEs on mammalian gene function with a heavy focus on human TEs.
While the total number of cellular genes has remained relatively conserved in the course of mammalian evolution, the genomic mass occupied by transposable elements populating mammalian genomes has grown up to as much as 52% (58, 65, 79, 94, 119, 126) . The proportion of identifiable TE sequences in the human genome is reported at 44% (58). These numbers are likely an underrepresentation of the true TE contribution to modern genomic composition because a significant fraction of TE sequences is expected to have deteriorated beyond recognition through genomic drift. The forces behind this variation are not fully understood, although one of the obvious explanations is a potential difference in the rate of TE buildup through mobilization in any given genome and loss of accumulated TE sequences due to recombination.
Transposable elements are classified into two major categories based on the specific steps of their amplification method. Class II or DNA transposons, mobilize through a "cut-and-paste" mechanism. This method of mobilization relies on a transposon-encoded enzyme, transposase, which excises the parental copy from its genomic location by recognizing transposon-specific sequence and introduces the removed DNA into a new genomic location. The activity of DNA transposons appears to have ceased in the human genome based on evolutionary analysis and the absence of reports supporting their contribution to human disease.
The other major category of transposons, class I or RNA transposons, more often referred to as retrotransposons, amplify through a "copy-and-paste" mechanism using a RNA intermediate. Retroelements are further subdivided into Long-Terminal Repeat (LTR)-containing or non-LTR elements (Figure 1 ). The LTR retroelement group includes endogenous retroviruses, whose genome organization parallels that of retroviruses (reviewed in (68) ). While this group of retroelements exhibits relatively high activity in the mouse genome (based on the frequency of disease-causing germ-line mutations), there are no reports of congenital human diseases associated with the insertion of the human endogenous LTR elements. The non-LTR group of transposable elements encompasses three families of retroelements: Long Interspersed Element-1 (LINE-1 or L1), Short Interspersed Elements (SINEs) represented by Alu elements in the human genome, and SVA (SINE-VNTR-Alu) (55, 88, 96, 117) . Out of the three, only L1 elements have coding capacity. L1 is therefore classified as an autonomous retrotransposon. The two open reading frames (ORFs) present within the L1 sequence encode for the proteins that are absolutely essential for L1, and likely SVA, mobilization (83, 88) . In contrast, only one of these proteins, ORF2, is necessary in trans for Alu retrotransposition (32). Although the ORF1 protein is not required for Alu mobilization, retrotransposition of Alu elements is significantly enhanced in the presence of ORF1 (116) . Combined, Alu and SVA elements form a nonautonomous group of non-LTR retrotransposons because they must parasitize on the L1 retrotransposition machinery for their mobilization. In contrast to the LTR transposons that appear to be dormant in the human genome, all three types of non-LTR retroelements are currently active as evidenced by their contribution to human germ-line disease (reviewed in (9)).
The retrotransposition process involves transcription of mRNA molecules that generate functional proteins required for mobilization by LINE-1 elements or non-coding Alu and SVA RNAs that hijack L1 retrotransposition machinery (83, 108) . After translation, a ribonucleoprotein (RNP) complex composed of the RNA and proteins is formed (70) . One of the retroelementproduced proteins, ORF2, encodes an endonuclease that introduces a nick in the AT-rich target site within genomic DNA (37,53). The next step is proposed to involve basepairing of the retroelement mRNA polyA tail with the genomic DNA (109) that serves as a primer for cDNA generation by the retroelement-encoded reverse transcriptase (RT) (71), a process known as target-primed reverse transcription (TPRT) (28, 66) . Despite the majority of the steps beyond cDNA synthesis and the proteins critical for their completion being unknown, the structure of the final de novo integration product is well characterized. It is usually flanked by target site duplications (TSD) and has a polyA-stretch present upstream of the 3' TSD, both of which are hallmarks of retrotransposition (53). One of the most significant differences between the "cut-and-paste" and "copy-andpaste" methods of transposition is that the latter almost always results in an increase in copy number, while the former only rarely does so. Additionally, a single active retroelement can give rise to a substantial number of offspring elements to form a subfamily of retrotransposons (102) , leading to a non-linear mode of copy accumulation.
INSERTIONAL MUTAGENESIS
Even though new integration events are largely constrained to the sites recognizable by the L1-encoded endonuclease (the consensus for which is 5'-TTAAAA-3', although permutations are readily tolerated (37)), due to the promiscuity of the enzyme and millions of sites available within any given genome, the distribution of de novo integration events is fairly indiscriminate (39). The randomness of the integration process occasionally introduces L1, Alu, and SVA insertions into the coding regions of genes leading to mutations via insertional mutagenesis (reviewed in (9)). Even though all three currently active human retrotransposons rely on the activity of the L1-produced proteins for their integration (32,83,88), the frequencies of insertional mutagenesis estimated for L1, Alu, and SVA vary drastically between these elements (26,54,122). To date, Alu elements are responsible for over two-thirds of the TE integration-induced germ-line human diseases (over 43 reported cases compared to 16 by L1 and 4 by SVA) (reviewed in (9)). Multiple lines of evidence provide valid reasons for explaining the existing discrepancy in the disease-causing rate among the active human retrotransposons. Among the likely reasons are a significant difference in the time requirement for the completion of the retrotransposition process between Alu and L1 elements reported in tissue culture (57) and possible excess of L1 ORF2 for Alu mobilization produced by Retroelements are further subdivided into Non-Long Terminal Repeat (Non-LTR) and LTR elements. Long Interspersed Element-1 (LINE-1) is an autonomous element that is about 6 kb long. It is composed of a 5'UTR (untranslated region) that contains sense-and antisense promoters, two open reading frames (ORF1 and 2) separated by an intergenic region, and a 3'UTR that ends in a polyadenylation signal followed by a stretch of adenosine residues, A-tail, (AAAA yellow box) of variable length (36, 106, 108) . ORF2 encodes three domains critical for L1 retrotransposition: endonuclease (EN), reverse transcriptase (RT), and cystein-rich domain (Cys) (37, 72, 83) . Alu and SVA elements do not encode any ORFs and belong to a group of non-autonomous retroelements that parasitize on L1 retrotranspositional machinery. Alus are primate-specific elements that originated from the 7SL gene. Alu elements are about 300 bp long. They are composed of left and right monomers separated by an A-rich region (A (N)) (31,97). Like L1 elements, Alus end in an A-tail of variable length. SVAs identified in the human genome vary in length from 0.7 to 4 kb. SVAs are composed of a combination of sequences of different origin. They begin with a variable copy number of CCCTCT repeats followed by an Alu-like sequence (two antisense Alu fragments), a variable nucleotide repeat (VNTR), and a reverse SINE/HERV-K-like sequence (88, 117) . SVA elements contain an A-tail at their 3' end. Human endogenous retroviruses (HERVs) contain 5' and 3' LTRs that flank genes coding for the structural protein (GAG), polymerase (POL), and envelope protein (ENV) necessary for their mobilization (52). Most all of the HERV loci identified in the human genome harbor mutations incompatible with mobilization. Full-length HERVs are about 9 kb long. DNA transposons mobilize through a "cut-and-paste" mechanism. A functional DNA transposon locus encodes an enzyme transposase that is flanked by inverted repeats (IR) (95, 103) . DNA transposons vary from 2 to 3 kb in length. spliced L1 mRNA generated by the L1 loci maintaining functional ORF2 protein (8,11). While it is important to account for the L1, Alu, and SVA mutagenesis separately, it is also equally as important to keep in mind that L1 is the driving force of Alu and SVA mobilization. Human diseases caused by L1, Alu, and SVA insertional mutagenesis range from hemophilia and X-linked Duchenne muscular dystrophy to cystic fibrosis and breast cancer (reviewed in (9)), supporting the random nature of the integration process. It is worth noting, however, the dominating presence of the X chromosome-linked diseases (29 out of 63) in the reported group of retroelement integration-associated human illnesses (reviewed in (9)). This enrichment is likely due to the ascertainment bias associated with the haploid state of the mutations in Xlinked genes in male carriers. 
POSTINSERTIONAL INTERFERENCE WITH GENE EXPRESSION BY TEs
While de novo integration events generated in tissue culture and in the transgenic L1 mouse model are relatively randomly dispersed throughout the genome (3,6,39,42,89), the portrait of TE distribution in the human genome is far from being random (58,77). These findings suggest that evolutionary forces acting upon TE integration events postinsertionally, rather than the biology of their integration process, have a profound effect on the TEs distribution profiles in the genome. L1 elements, particularly full-length L1s inserted into introns in the forward orientation, are poorly tolerated (14,20) and as a result they are significantly underepresented not only within genes, but also in the 5 kb regions flanking human gene boundaries (58,77). In contrast, Alu elements are considerably enriched within human gene boundaries (58) sometimes representing over 40% of the gene's sequence as is in the case of the BRCA1 gene (104) . The specific evolutionary forces promoting this inverted distribution are not very well known. However, the observed bias against L1 elements within genes is likely to be a result of the selective loss of L1-containing alleles that cause embryonic lethality and/or reduced fitness of their carriers. The apparent enrichment of Alu elements within genes potentially reflects their less devastating effect on normal gene expression following integration into introns.
Insertions of transposable elements within intronic sequences can interfere with normal gene expression through the introduction of functional (i) promoters and their regulatory elements, (ii) polyadenylation (pA) signals, and (iii) splice donor (SD) and acceptor (SA) sites. Besides the effect of TEs on the expression or function of a single gene through direct insertional interference, some TE integration events can also alter gene or cellular pathway function through indirect mechanisms such as regulation of miRNA expression. The following sections will provide a detailed discussion of the specific differences between transposable elements that likely contribute to the indirect effects they have on human gene expression after the integration process is completed.
LINE-1 elements
Human L1 elements are about 6 kb long (Figure 1 ), which is remarkably small compared to the size of the majority of human genes that can be as long as hundreds of kilobases. Yet, their functional structure includes most of the features found in generally larger human genes such as a promoter, 5' and 3' UTRs, open reading frames, and cis-acting signals for mRNA processing. L1 uses a polymerase II (pol II) promoter (sense promoter) located within the L1 5'UTR to drive expression of a bicistronic mRNA that encodes two open reading frames that are absolutely required for L1 retrotransposition (108) ( Figure  2 ). The De novo L1 integration events can be positioned in the forward or reverse orientation relative to the transcription of the gene. Transcription of genes harboring L1 sequences within their introns can produce 3' and 5' truncated transcripts in addition to normal mRNA. 3' truncated mRNAs can arise from premature transcriptional termination at the L1-encoded polyadenylation sites present in both positive and negative strands of L1. 5' truncated transcripts can be initiated by the antisense promoter (anti) of the L1 in the reverse orientation or by the sense promoter (sense) of the L1 in the forward orientation. 5' truncated mRNAs generated by the antisense promoter can contain the entire sequence present between the L1 promoter and the intron as shown in this figure (top transcript of the two depicted 5' truncated mRNAs) (86, 106) . Alternatively, splice donor sites within sense or antisense L1 sequences can be used with the splice acceptor site of the adjacent exon generating a spliced hybrid L1 mRNA represented by the transcript depicted at the bottom of the figure.
antisense L1 promoter (anti), also present within the 5'UTR, is demonstrated to drive expression of sequences located upstream of the L1 elements (86, 106) . The biological significance of the antisense promoter is not well established. One of the compelling hypotheses is that its role is to interfere with the transcription initiated within upstream sequences to secure transcription from the sense L1 promoter. Alternatively, the L1 antisense promoter is implicated in the production of small interfering RNAs that limit L1 expression (123) . Both of these promoters can modify the normal gene expression. Independent of the orientation of the L1 insert (forward or reverse relative to gene expression) they have the potential for "gene breaking" by generating 5'-truncated genomic transcripts (121) (Figure 3 ).
L1 promoter activity is heavily regulated by epigenetic modifications (46, 80) . The short-and long-term consequences of L1 integration (particularly the full-length elements) within or in the vicinity of genes on the epigenetic state and chromatin signature of the gene are not known. Some of the hypotheses dealing with potential contribution of TEs to the epigenetic regulation of the mammalian genome were recently reviewed (49) . L1 elements have been proposed to potentially influence the selective expression of monoallelically-expressed genes due to the enrichment of evolutionarily more recent LINE-1 elements in the regions surrounding these genes in human and mouse (2). Furthermore, L1 promoters contain binding sites for various transcription factors and regulatory proteins that can alter gene expression in response to various stimuli (45, 81, 82, 124) . L1 sequences can exert their influence on host gene expression by altering promoter specificity or strength (7, 59, 84, 99, 107) . Not all TE interference is deleterious however, TE modification of gene expression may be responsible for genetic differences among species that translate into species-specific patterns of gene expression. The presence of L1 sequences in the vicinity of one of the three alternative promoters in the human flavin-containing mono-oxygenase 1 (FMO1) gene is reported to be responsible for the species-dependent, tissue-specific difference in the expression of FMO1 gene in humans relative to the expression pattern of the same gene in mice (99) . Another example of TE sequences influencing species-specific variation in the expression pattern of mammalian genes comes from the homology comparison of the composition of repetitive elements inserted between the regulatory sequences and the promoter of the human and murine type X collagen gene (7).
The existence of the sense and antisense promoters within the L1 5'UTR is not the only feature of these elements that makes them an unwelcome addition to genomic regions. Similar to their retroviral relatives, L1 sequences carry numerous functional polyadenylation (pA) and splice sites (8,10,90). These pA and splice sites are dispersed throughout the L1 sequence suggesting that all intronic copies of these elements, including the 5'-truncated ones, are potentially capable of interfering with normal gene expression. Active polyadenylation sites are particularly abundant within the L1 ORF sequences perhaps due to their unusually high AT content (90) and several functional pA sites are also present in the antisense strand of L1 elements (43) . L1-encoded pA sites are effectively used during L1 transcription to attenuate the production of the full-length retrotranspositionally competent L1 mRNA (90), but they can also interfere with normal gene expression (43, 121) (Figure 2 ). Even the shortest L1 insertions contain polyA sites at the end of their 3'UTRs that can be recognized during transcription (12).
Much like the polyA sites, functional splice sites present within the L1 sequence are used to generate processed L1 mRNAs (8) (Figure 2 ). In fact, splicing of the L1 transcripts leads to the production of retrotranspositionally incompetent L1 mRNAs and serves as one of the multiple mechanisms that significantly reduce L1-associated damage through limiting the production of full-length L1 mRNA. It is not clear whether processed L1-related RNAs have any biological function in the L1 lifecycle. However, one of the L1 splice products has a potential to produce functional L1 ORF2 protein (11), which has significant implications for Alu mobilization. There appears to be a considerable variation in the efficiency of L1 splice site usage among human tissues (11) suggesting that a tissue-specific repertoire of splicing factors may influence recognition of the L1-encoded splice sites.
The experimental evidence for L1's ability to donate its pA and splice sites has been collected through tissue culture and bioinformatic approaches with a strong agreement between the data from different sources. Fulllength (i.e. containing more polyA and splice sites), polymorphic (i.e. likely maintaining functional sense and antisense promoters) L1 insertions are reported to specifically decrease the expression of primary transcripts in human cell lines from the alleles containing these integration events relative to the corresponding alleles without L1 (112) . The presence of the full-length mouse L1 in an intron of a mini-gene reporter system convincingly demonstrated the debilitating effect of the full-length L1 inserted in the forward orientation on normal gene expression (up to 10-fold reduction) (20). This observation held in a variety of sequence contexts. In the same experimental system, mouse L1 insertion in the reverse orientation did not significantly impact transcript production. In addition to splice and polyA sites, the unusual AT richness of the L1 coding region is also proposed to interfere with the processing capacity of RNA polymerase II during the transcription of L1 sequences (43) .
In addition to the reduction of normally processed mRNA, the presence of functional promoters, splice and pA sites within the L1 sequence (Figure 2 ) creates multiple opportunities for effective gene breaking. This may occur through termination of cellular transcripts at L1 pA sites and transcription initiation from the L1-encoded promoters to generate 5' truncated transcripts (121). Furthermore, some of the L1 SD and SA sites are located within the L1 5'UTR and are used in combination with genomic sequences during transcription driven by either sense or antisense L1 promoters to produce hybrid L1/cellular transcripts (8,86). A combination of splice and polyadenylation sites located within the L1 sequence can result in the inclusion of sequences from the 5' truncated L1 loci into cellular mRNAs. For example, a portion of L1 containing a stop codon and a pA site is incorporated as a 3' exon into cellular mRNA to generate a soluble form of human attractin gene (110) . Skipping of the L1-containing exon produces a mRNA for the membrane-bound form of the attractin protein. Finally, L1 integration can also block normal splicing by separating functional elements required for the proper splicing event to occur (20).
L1 interference with normal gene expression through splicing and polyadenylation is likely to vary among tissues, developmental stages, and disease states because both of these processes are altered in a development-and tissue-specific manner (63, 115) . In fact, attenuation of L1 expression by post-transcriptional processing differs significantly among normal human tissues as well as in cancer cell lines (11) strongly indicating that L1-encoded cis-acting RNA processing elements respond to tissue-specific environments. Furthermore, both sense-and antisense L1 promoters are reported to exhibit tissue-specificity (73,124). While no biological significance has been reported to date for the majority of the known L1/host gene chimeric mRNAs, cancer-specific L1-driven hybrid transcripts were identified in breast and colon cancer cell lines (29). In addition, the expression of fusion transcripts between L1 and the protooncogene cMet has been induced with demethylation agents in colon cancer and leukemia cell lines (120) . Thus, L1 cis-acting regulatory elements can significantly alter normal gene expression by providing numerous possibilities for the generation of alternatively processed cellular mRNAs, some of which may have potential biological implications.
Alu elements
Alu elements have accumulated in the human genome to over 1,000,000 copies (58) and are one of the most successful retrotransposons in any genome. Their enrichment within coding regions of human genes (58) provide ample opportunities for these elements to change normal gene expression long after the integration event is completed.
There are a number of ways Alu elements can interfere with or modify normal gene expression. Alu transcription is driven by RNA polymerase III (polIII) and, along with other SINEs, Alu RNA contains no open reading frames. There are no reported examples of direct interference by Alu elements with normal human gene expression through the transcriptional activity of the Alu promoter. However, deamination of CpG islands within Alu sequences inserted near promoters of human genes can generate active transcription binding sites and is known to skew the programmed regulation of native promoters (125) . Genome-wide bioinformatic assessment demonstrated that the highest Alu sequence densities are observed within 16kb upstream or downstream of transcript start positions, but are depleted within the 1kb region adjacent to human gene promoters (111) , suggesting that such close proximity of Alus to gene promoters may interfere with their normal function. Nevertheless, expression of over 1,000 human genes can be potentially controlled by CpGs that originated from Alus (87) . Alu elements have been reported to be able to drive expression of microRNAs (miRNAs) (15), which have various effects on the expression of their target genes. Bioinformatic analysis suggests that many miRNA genes are derived from all four major classes of transposable elements (LINEs, SINEs, LTR containing elements and DNA transposons). Fifty-five experimentally validated human miRNA sequences were found to be derived from TEs, and additional 85 novel miRNA genes are predicted to be originated from TEs (93) . Together, these TE-derived miRNAs have the potential to provide a significant network of regulation for multiple human genes.
In contrast to L1 elements, Alu sequences do not contain inherent RNA polII transcription processing sites such as polyadenylation or splice sites. Thus, de novo Alu integrations within the introns of human genes do not immediately result in the production of alternatively processed transcripts due to utilization of Alu-encoded cisacting sequences. However, as these elements accumulate random mutations, they have a tendency to accrue both polyadenylation and splice sites that can effectively interfere with gene expression (Figure 4 ). Bioinformatic analysis of the origin of polyA sites within human genes demonstrated that a large proportion of alternatively used pA sites can be traced to Alu elements. Out of the 1.1 million Alu copies in the human genome, 10,000 are found in the 3'UTRs of genes, 107 of which are reported to contribute active polyadenylation sites with a very significant bias toward originating from Alus inserted in the forward orientation (19).
In addition to accumulation of functional polyadenylation sites, multiple examples of exonization of Alu-derived sequences into the human transcriptome have been reported (105, 114) . Bioinformatic analysis demonstrated that 5.2% of the alternatively spliced internal exons, but none of the constitutively spliced exons in the human transcriptome, had a significant BLAST hit to an Alu sequence (105) . The inclusion of Alu sequences in the coding region of mature transcripts resulted in a frame-shift or a termination codon most of the time (84%) (105) . It was also determined that there is a bias against the inclusion of the Alucontaining exons into the mature transcripts (105) . Alu exonization appears to be influenced by the sequences within Alu itself, for example the deletion of the left arm of Alu shifts the inclusion of the Alu right arm from alternative to constitutive splicing (38). In addition, Alu splicing exhibits tissue-and species-specificity suggesting that evolutionary pressure acts to refine the process of Alu exonization (64) .
Alu elements can also interfere with normal RNA splicing by triggering exon skipping (61) (Figure 4 ). This process heavily depends on the orientation and sequence homology of Alu elements within introns and relies on the base-pairing of Alu sequences that serve as substrates for RNA editing enzymes (61) . Single intronic Alu elements inserted in the reverse orientation can also trigger exon skipping in the minigene system perhaps through a different mechanism (61) . Bioinformatic analysis revealed that more Alus flank alternatively spliced exons than constitutively spliced ones (61) . In addition to promoting exon-skipping through the formation of hairpin-like structures by inverted Alus within primary transcripts, similar double-strand RNAs can be formed by Alu elements often found within the 3'UTRs of human RNAs (21). At least 333 human genes are identified that contain Alu sequences that can form duplex structures in their 3'UTRs (22). Indeed, the presence of inverted Alu repeats is reported to interfere with the nuclear export of Alu-containing mRNAs resulting in the translational silencing of these transcripts through nuclear retention (22). Additionally, there are several cases of single de novo Alu insertions in exons that cause exon skipping due to altered splicing, for example in cases of Duchenne muscular dystrophy (4) and Dent's disease (24). It is likely that due to the multiple ways Alu elements can interfere with normal gene expression in a tissue-and tumor-specific manner, the overall effect of TEs on the human transcriptome, as demonstrated by a bioinformatic prediction analysis, is significantly higher than on its mouse relative (78).
SVA elements
SVA elements are a more recently formed retrotranspositionally active family of elements that have contributed to human disease through insertional mutagenesis (88, 117) . The relative novelty of these elements comes with little understanding of their basic biology. Much like Alu, SVA elements are thought to parasitize the L1 retrotransposition machinery based on the presence of the L1-mediated retrotransposition signature (TSD and polyA tail) in identified SVA loci (88) . In drastic contrast to their LINE and SINE relatives, it appears that at least some SVA expression relies on acquisition of a functional promoter at the site of insertion (30). Based on this report, it is likely that SVA elements would not interfere with cellular gene expression by contributing promoter activity common to L1 and Alu elements. However, SVA elements contain cryptic splice sites that are used to form hybrid transcripts with host genes and to assist with the expression and retrotransposition of these elements (30,44). Even though currently there are no direct examples of SVA interference with human gene expression leading to specific phenotypic changes, SVA's ability to contribute splice sites present within their genomes raises a possibility of postinsertional interference with normal gene expression.
HERVs
Although human endogenous retroviruses (HERVs) are no longer actively undergoing retrotransposition (51,58), their long terminal repeats (LTR) often still contain functional regulatory sequences which may serve a biological role, influencing gene expression in their host (reviewed in (76)). Research into the HERV-K family of human-specific endogenous retroviruses revealed that at least 50% of these LTRs retained promoter activity in normal and malignant germ line tissues (18). 5'-proviral LTRs displayed a two to five-fold higher promoter activity when compared to solitary and 3'-proviral LTRs, demonstrating the importance of the LTR status to promoter activity (18). Further study demonstrated that the LTR distance from genes was a key factor affecting promoter activity, as the relative content of promoter-active LTRs were higher in gene-rich regions compared to gene-poor loci (18).
HERV LTRs predominantly act as alternative promoters with a similar expression pattern to the native promoters, although there are exceptions in which the LTR promoter leads to new expression patterns (25,33-35,101). LTRs from the HERV-E family are used as alternative promoters for the endothelin B receptor, apolipoprotein CI and Opitz syndrome midline 1 genes (60, 75) . These are a few representative examples in which the LTRs only have a subtle effect on gene expression, because the native promoters are also driving gene expression, thus, transcription initiated at the alternative LTR promoter only makes a minor contribution to the overall mRNA pool (25).
In addition to providing alternative promoters, LTRs can confer tissue-specific expression of genes, such as in the examples of gasdermin B (GSDMB) and nitric oxide synthase 3 genes (NOS3) (25). An LTR element from the HERV-H family operates not only as the predominantly used promoter for GSDMB, but diversifies the tissue specificity from the stomach to a more widespread expression in various human tissues (100). Conversely, LTR-driven expression of the NOS3 gene is restricted to the placenta whereas non-LTR expression of NOS3 is widespread due to its presence in endothelial cells (25, 50) . Recent data have also demonstrated humanspecific antisense regulation of gene expression due to HERVs. LTRs integrated into the introns of the sodium bicarbonate cotransporter and intraflagellar transport protein 172 generate antisense transcripts, leading to a down-regulation in the mRNA levels of the corresponding genes (41) .
In contrast to most examples of gene expression regulated by HERVs, sperm adhesion molecule 1 (SPAM1) transcripts initiate within the polymerase coding region of an HERV, rather than within the LTR (33). Expression of SPAM1 from this HERV-derived promoter is genderspecific and largely tissue-specific as well. It represents an "evolution of promoter from protein coding sequence". In addition to being a source of alternative promoters, HERVs are also known to provide primary polyadenylation signals (67) and, when included in the 5'UTRs of human transcripts, to alter mRNA translation efficiency (5,56).
HERV's effect on the host transcriptome is not limited to the direct interference with gene expression. Changes in cellular gene expression may also occur in response to transcription of the HERV envelope (ENV) gene. Recent studies have revealed a regulatory link between the expression of the HERV-W family ENV gene and the expression of schizophrenia-associated genes (48) . ENV transcripts were detected in plasma collected from a significant number of individuals with recent-onset schizophrenia, but not in those obtained from samples of unaffected individuals (48) . Furthermore, overexpression of ENV in human glioma cells resulted in an up-regulation of several schizophrenia-associated genes including brainderived neurotrophic factor, neurotrophic tyrosine kinase receptor type 2 and dopamine receptor 3 (48).
HERV expression has also been associated with a number of autoimmune disorders such as multiple sclerosis (92) , psoriasis (13) and systemic lupus erythematosus (91). The immunopathogenic response to the envelope protein from the HERV-W family can activate a pro-inflammatory reaction and autoimmune cascade (92) , which may be associated with multiple sclerosis (MS). In addition, expression of epitopes from the HERV-H and HERV-W family envelope proteins was significantly higher on B cells and monocytes from patients with active MS disease compared to stable MS or control individuals (16).
Expression of viral-like particles from the HERV-K family has recently been implicated in the progression of melanoma (98) . Human melanoma cell lines transition from an adherent to a non-adherent growth phenotype representative of increased malignancy, which is accompanied by the activation of HERV-K expression and massive viral-like particle production (98) . Gene knockdown of the HERV-K pol and env prevented the conversion of the cells from the adherent to the nonadherent phenotype, suggesting that HERV-K expression is critical in regulating this transition in melanoma progression (98) . HERV loci, particularly the envelope genes, have been shown to be abundantly expressed in a variety of other cancers including ovarian (118) , colon (62) , and testicular (40) when compared to normal tissues. In a quantitative evaluation of the expression of different HERV family envelope genes in several tumor and adjacent normal tissues, high levels of ENV transcripts were detected in testis tumor tissues for HERV-K, liver and lung tumor tissues for HERV-H, and in colon and liver tumor tissues for HERV-P (1). Although the functional role of HERVs in these cancers have not been identified, the upregulation of HERVs associated with some cancers may be useful as a diagnostic tool, and suggests that HERV expression may contribute to tumorigenesis by altering host gene expression in cancer genes (1).
DNA transposons
The human genome contains about seven major classes of DNA transposons that appear to have become completely inactive for transposition (58). While DNA transposons no longer contribute to human disease through insertional mutagenesis, their transpositionally incompetent loci continue to influence human gene expression. It appears that some DNA transposons may have been domesticated shortly after their integration as long as 45 million years ago to provide an initially beneficial function to the host that later became a latent liability to the normal gene function. The insertion of the PiggyBac transposable element PGBD3 into intron 5 of the Cockayne syndrome Group B (CSB) gene (85) is an interesting example of the potential for both outcomes. This fusion protein is as equally abundant as the original full-length CSB protein and evolutionarily highly conserved, suggesting the fusion protein has been selected for some beneficial function. It has been speculated that the CSB-transposase fusion protein assists in host genome defense by repressing transposition of PGBD3 and non-autonomous MER85 elements (85), i.e. it is advantageous in the presence of functional CSB. However in cells lacking functional CSB, the fusion protein may be detrimental and contribute to Cockayne syndrome (CS) (85) . Mutations in the CSB chromatin remodeling protein are linked to CS (23), a devastating form of progeria.
In addition to insertional mutagenesis, DNA transposons may also influence host gene expression or function by creating novel genes. Recent studies identified a repressor derived from the hobo-Ac-Tam3 transposase family involved in the regulation of muscle growth in pigs (17, 69) . Disruption of the binding site of this transposonderived repressor by a single nucleotide substitution in intron 3 of the insulin-like growth factor 2 (IGF2) gene results in increased muscle growth and reduced fat deposition in pigs (113) . Despite the fact that this observation has not been confirmed in humans, data show this repressor is specific to placental mammals and it is implicated as an important transcription factor in other biological functions affecting cell development, proliferation and growth (69) .
Another example is SETMAR, a new primate chimeric gene that originated from the fusion of a SET histone methyltransferase gene to the transposase gene of an Hsmar1 transposon via de novo exonization (27).
The above described summary of TE influence on normal gene expression should be viewed as a complex process of TE interplay with the regulatory sequences present within genes as well as signals brought by other TEs. Introns of human genes usually harbor a mixture of sequences of different origins, thus, the potential effects of individual TE insertions should not be considered without taking into account the composition of the immediate genomic landscape.
PERSPECTIVE
To the detriment or benefit of the host, continuing accumulation of TE sequences within genomes provides an array of opportunities for their influence on the normal biological functions of host genes. While the mutagenic burden from these elements associated with their insertional mutagenesis has been long recognized, the considerable influence imposed by TE buildup on gene expression has only recently become a subject of genomewide studies. A growing number of individual examples reflecting the spectrum of TE influences on mammalian transcriptomes combined with accumulation of large-scale studies strongly support the notion that these elements are not simple bystanders of the evolutionary course, but rather, by their mere presence, are involuntary participants in the processes that mount biological consequences. Even though TE influence on gene expression can be rather dramatic, these elements may also provide regulatory sequences conducive to fine-tuning of cellular expression profiles ensuring genome plasticity potentially important for adaptation or survival.
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